A type of excess noise which emerges in transversely inhomogeneous conductive channels is described. Its origin is traced back to the diffusion of the electric-field and carrier-density fluctuations across the channel. By making use of a WKB analysis, explicit analytical formulas for the current-noise spectrum are obtained. It is argued, that this type of noise should be manifested in a variety of currently used semiconductor devices. © 1998 American Institute of Physics.
Rapid progress in scaling-down semiconductor devices has emphasized the importance of better understanding of nonequilibrium transport phenomena in spatially inhomogeneous structures. The subject of nonequilibrium ͑excess͒ noise is of prime importance in this investigation. 1 Among different types of excess noises which affect the device performance in the high-frequency domain ͑above 1/f noise͒, we may mention the shot noise, generation-recombination noise, intervalley noise, hot-carrier noise, etc.
In this letter we predict a new type of excess noise which may appear in spatially inhomogeneous conductive channels of semiconductor structures. In practical devices this inhomogeneity can be induced either by a nonuniform doping or by a spatial variation of mobility. Indeed, the doping is generally nonuniform. 2 Moreover, in modern solid-state technology, the nonuniform ion implantation is used extensively to improve device performance. For instance, halo doping is employed to avoid short-channel effects in scaling-down metal oxide semiconductor field effect transistor ͑MOSFET͒ channel length. 3 The other examples are metal semiconductor field effect transistor ͑MESFET͒, 2 buried-channel devices, 4 etc. Besides this, the mobility is spatially varied in real-space-transfer devices, 5 graded structures, 2 or even in presumably uniform devices due to imperfections in technological processes. In the above-mentioned devices the carriers are transferred along the channels with transversely nonuniform mobility ͑conductivity͒.
In this letter, we demonstrate that in such systems a new type of excess noise caused by transverse inhomogeneity, emerges. Indeed, the local electron density fluctuates on the scale of the Debye screening length L D decaying with the dielectric relaxation time d . In uniform structures these transversal fluctuations do not contribute to the current in the longitudinal direction, since the mobility is uniform ͓see Fig.  1͑a͔͒ . To the contrary, for the nonuniform mobility profile (y) ͓Fig. 1͑b͔͒ a local charge fluctuation, being transferred through the regions with different mobilities, should result in a fluctuation of the current, even under a fixed total number of carriers. The change of the effective mobility can be esti-
Ϫ1 is a scale of the mobility variation. To prove the above conjecture, we consider a semiconductor channel with the sizes L x ϫLϫL z in the external electric field E ʈ applied along its longitudinal direction x. The doping concentration N D (y), as well as the mobility (y) are assumed to be nonuniform in the transversal direction y. To allow a one-dimensional treatment of the problem, we take L x ,L z ӷL. In such a case, we can average all fluctuating quantities over the xz plane, so that they are only nonuniform along y. Taking into account the potentiality of the electric field ٌϫEϭ0, with the notation Eϭ(E ʈ ,E Ќ ,0), the longitudinal component E ʈ is independent of y. Hence, the steady-state longitudinal current I ʈ is given by
The current density in the transversal direction consists of the drift and diffusion components, and, due to the opencircuit conditions, it has zero average value
Here, the electron density n(y) is coupled with the selfconsistent transversal electric field E Ќ (y) through the Poisson equation 
Equations ͑1͒-͑3͒ constitute the full set of equations describing the steady-state transversely nonuniform electron current flow in the external electric field E ʈ . The corresponding equations for fluctuations are
where ␦E y and ␦n y are the Fourier components of the fluctuations of E Ќ (y) and n(y), respectively. The term with i has appeared due to the displacement current contribution. Furthermore, following the Langevin approach [6] [7] [8] we have added to Eq. ͑5͒ the stochastic current term ␦ j y which represents the diffusion noise source caused by random scattering of electrons in the bulk of the sample. 9 It has zero average and the ␦-correlated spectral density
, and ⌬ f is the frequency bandwidth. This is justified by the assumption of the mean free path of electrons to be much less than L. Substituting Eq. ͑6͒ into ͑4͒ and integrating by parts, the fluctuation of the longitudinal current becomes ␦I ʈ ϭϪ⑀E ʈ L z ͐ 0 L (d/dy)␦E y dy, which leads to the current noise
͑7͒
Here we have neglected the contribution to the noise coming from the near-boundary regions of the order of the screening length L D ӶL. Now the problem is reduced to finding the spatial correlator of the transverse electric-field fluctuations with the operator L given by
where we have introduced the minimal carrier density in the channel n 0 , the corresponding Debye length L D ϭ(⑀k B T/q 2 n 0 ) 1/2 , and the spatially dependent dielectric relaxation time d (y)ϭ⑀/͓qn(y)(y)͔. Note, that the obtained equation cannot be resolved analytically for an arbitrary electron density profile n(y). To proceed further, we make a reasonable assumption that n(y) is a smooth function on the scale of the Debye length L D . This allows us to distinguish the large spatial scale Y ϭy/L and the small parameter ϭL D /LӶ1, and apply a singular perturbation technique to find the solution in an analytical form. After the transformations ␦E y ϵbu, n/n 0 ϵb 2 , and ␦ j y /(qn 0 )ϵb and neglecting the low-order terms, we obtain the nonhomogeneous equation
with the spatially dependent coefficient b 2 ϵb 2 (1ϩi d ). To find its solution, we apply the standard WKB analysis 10 for a linear differential equation with a small parameter at the highest derivative. We obtain
with the Green functions
Since the Green functions are sharply decaying functions on the scale Y, we have used the infinite limits in the integrals of Eq. ͑11͒ and the boundary conditions G 2 (Ϫϱ,Ỹ ) ϭG 1 (ϱ,Ỹ )ϭ0, which means that at a large distance from the region where the noise is evaluated the electric-field fluctuations are screened out: ␦E Ϯϱ →0. For the complex function b , the branch Re b Ͼ0 has been chosen. The solution ͑11͒ through ͑12͒ is the leading order WKB approximation, and it differs from the exact solution by terms O() in all of the region except thin layers of the thickness O() at the boundaries. Going back to the original notations, the electricfield fluctuation becomes
where
A similar derivation can be carried out for the complex conjugate quantity (␦E y )* replacing i by Ϫi. The spatial correlator for the electric-field fluctuations can then be expressed in terms of the Green functions. Substituting it into Eq. ͑7͒ and using the ␦-correlated noise source, the expression for the current-noise spectral density takes on the simple form
is a dimensionless function dependent on the mobility and electron-density profiles. Notice, that the leading-order expression ͑16͒ is obtained by taking into account that the exponential factor of the Green functions ϳO(1/) is a sharply decaying function on the scale y. Thus, the final expression for S I becomes
which is the analytical solution for the current fluctuations in the transversely inhomogeneous channel with smooth ͑on the scale of the screening length͒ mobility and electron-density profiles. It differs from the exact solution by the terms O( 2 ), with ϭL D /L. Note that Eq. ͑17͒ is in accordance with the qualitative explanation of this type of noise given in the introduction.
Let us apply the formula ͑17͒ for some particular cases of interest. As an example, we consider the transport dominated by ionized impurity scattering with (y)ϳ1/N D (y). 4 From Eqs. ͑2͒ and ͑3͒ the self-consistent electron density distribution is n(y)ϭN D (y)ϩO( 2 ). For this case, (y)n(y)Ϸ 0 n 0 , d ϭ d0 ϵ⑀/͓qn 0 0 ͔, and, by setting off the thermal-noise factor with the channel conductance
Here, the parameter E eff ϭ(qn 0 L/⑀)ͱL/L x has a meaning of an effective electric field, and the dimensionless factor F(␣) depends on the doping shape. We present the explicit formulas for F(␣) for two cases: ͑i͒ the linear doping N D (y)/n 0 ϭ1ϩ␣y/L, with 0ϽyϽL, yields F lin (␣)ϭ ␣. In such a case, the noise power Eq. ͑18͒ is determined by the lowest concentration n 0 and by the slope of the inhomogeneity ␣.
For a quantitative estimation we set ⑀ϭ16, L ϭ0.1 m, L x ϭ2 m, and F(␣)ϳ1. Then, for the typical concentrations at the low-doped parts of the channels 2,4 n 0 ϳ10 15 -10 16 cm
Ϫ3
, the effective field E eff ϳ0.2-2 kV/cm. In fact, the typical fields applied to conductive channels in devices are about ten times larger. Under these conditions, Eq. ͑18͒ shows that the analyzed excess noise exceeds considerably the thermal noise and extends up to the frequencies ϳ d Ϫ1 . Moreover, as the channel thickness is scaled down, the noise power ͑in respect to the thermal value͒ increases ϰL Ϫ3 .
In conclusion, a new type of excess noise in transversely inhomogeneous conductive channels has been analyzed. Its spectral density of current fluctuations exhibits the following properties: ͑i͒ it increases with increasing the degree of inhomogeneity ϳ(d/dy) 2 ; ͑ii͒ it is proportional to the square of the applied electric field E ʈ ; ͑iii͒ its cutoff extends up to high frequencies ϳ1/ d which is much higher than that for the other types of excess noises, like g-r, intervalley noises, etc. The obtained analytical formula ͑17͒ can be used to estimate the magnitude of the excess noise power once the mobility profile is known from the existing experimental techniques like those described in Refs. 2 and 11. This type of noise should be manifested in a variety of currently used semiconductor devices.
